NK cell exhaustion (NCE) due to sustained proliferation results in impaired NK cell function with loss of cytokine production and lytic activity. Using murine models of chronic NK cell stimulation, we have identified a phenotypic signature of NCE, characterized by upregulation of the terminal differentiation marker KLRG1 and by downregulation of eomesodermin and the activating receptor NKG2D. Chronic stimulation of mice lacking NKG2D resulted in minimal NCE compared with control mice, thus identifying NKG2D as a crucial mediator of NCE. NKG2D internalization and downregulation on NK cells have been previously observed in the presence of tumor cells with high expression of NKG2D ligands (NKG2DL) due to the activation of the DNA damage repair pathways. Interestingly, our study revealed that during NK cell activation, there is an increase of MULT1, an NKG2DL, that correlates with an induction of DNA damage. Treatment with the ATM DNA damage repair pathway inhibitor KU55933 (KU) during activation reduced NCE by improving expression of activation markers and genes involved in cell survival, through sustaining NKG2D expression and preserving cell functionality. Importantly, NK cells expanded ex vivo in the presence of KU displayed increased antitumor efficacy in both NKG2D-dependent and -independent mouse models. Collectively, these data demonstrate that NCE is caused by DNA damage and is regulated, at least in part, by NKG2D. Further, the prevention of […]
Introduction
NK cells are immunological effector cells capable of providing defense against viral infections and tumor cells without prior sensitization in a MHC-unrestricted manner (1) . NK cell-based immunotherapy has been explored in multiple clinical settings. The adoptive transfer of NK cells after ex vivo activation has proven to be safe and well tolerated in patients with leukemia and lymphoma, among other cancers, resulting in the expansion of NK cells (1) . Additionally, NK cells can protect from graft-versus-host disease after allogeneic hematopoietic cell transplantation (HCT) by controlling alloreactive T cells (2) . However, despite these attractive qualities of NK cells, the clinical experience to date has been rather disappointing with respect to clinical outcomes, due at least in part to impaired NK cell function observed in multiple cancer settings (3) (4) (5) (6) .
We have previously shown that tumor-induced NK cell dysfunction was caused by exhaustion due to profound proliferation of NK cells and was characterized by a marked downregulation of the activating T-box transcription factors (TFs) eomesodermin (Eomes) and T-bet (7) . The expression of Eomes and T-bet is important for T and NK cell maturation, differentiation, and function (8) . Low expression of these TFs has been found during aging and exhaustion (7, 9) . Similar to T cell exhaustion, high levels of expression of PD1 (10, 11) and/or Tim3 (6) have also been correlated with NK cell exhaustion (NCE) in humans. Interestingly, downregulation of multiple activating receptors, such as NKG2D, has also been described during exhaustion (7, 12) and with defective NK cell function (5, (13) (14) (15) . However, the mechanisms that underlie these effects and regulate NK function and exhaustion are still unknown. In recent years, immune effector cell exhaustion is being increasingly recognized as a cause of dysfunction, not only in cancer (7, 16) , but also in other scenarios, such as during allogeneic HCT (17) or continued IL-15 stimulation of NK cell exhaustion (NCE) due to sustained proliferation results in impaired NK cell function with loss of cytokine production and lytic activity. Using murine models of chronic NK cell stimulation, we have identified a phenotypic signature of NCE, characterized by upregulation of the terminal differentiation marker KLRG1 and by downregulation of eomesodermin and the activating receptor NKG2D. Chronic stimulation of mice lacking NKG2D resulted in minimal NCE compared with control mice, thus identifying NKG2D as a crucial mediator of NCE. NKG2D internalization and downregulation on NK cells have been previously observed in the presence of tumor cells with high expression of NKG2D ligands (NKG2DL) due to the activation of the DNA damage repair pathways. Interestingly, our study revealed that during NK cell activation, there is an increase of MULT1, an NKG2DL, that correlates with an induction of DNA damage. Treatment with the ATM DNA damage repair pathway inhibitor KU55933 (KU) during activation reduced NCE by improving expression of activation markers and genes involved in cell survival, through sustaining NKG2D expression and preserving cell functionality. Importantly, NK cells expanded ex vivo in the presence of KU displayed increased antitumor efficacy in both NKG2D-dependent and -independent mouse models. Collectively, these data demonstrate that NCE is caused by DNA damage and is regulated, at least in part, by NKG2D. Further, the prevention of NCE is a promising strategy to improve NK cell-based immunotherapy.
transplanted patients (18) , with a possible consequent effect on NK cell-based immunotherapy. Curiously, impaired NK cell function has also been described during chronic viral infections (11, 19) , which could be related to exhaustion as well.
In this study, we explored the effect of chronic stimulation during NK cell activation and exhaustion and evaluated the mechanisms that regulate this process in order to phenotypically characterize NCE, understand underlying mechanisms, and reverse NCE to augment NK cell function.
Results
Characterization of NCE phenotype. In order to explore the mechanisms involved in NCE, we first analyzed if sustained IL-15 stimulation was responsible for the induction of exhaustion, as a defect on NK cell function had been already reported following prolonged exposure to this cytokine (12) and in patients after transplantation (18) . Phenotypically, NK cells that were exposed to chronic IL-15 displayed a significant decrease of the TF Eomes, whose downregulation has been previously linked to exhaustion (7) , along with downregulation of activating receptors (NKG2D, DNAM1, TRAIL, FasL), but maintained high levels of the inhibitory receptors NKG2A and CD96 but not TIGIT ( Figure 1A ) when compared with acutely stimulated NK cells. Other markers for activation (Thy1.2 and Ly49G2) were downregulated as well ( Figure 1A) . Interestingly, the killer cell lectin-like receptor G1 (KLRG1), a terminal differentiation marker previously reported to be associated with senescence and exhaustion on T cells (20) , was upregulated ( Figure 1A ).
In contrast to what was previously reported for T cell exhaustion, PD1 was barely detected on NK cells, and the percentage of Tim3 was reduced upon chronic stimulation. As expected, these NK cells also had reduced proliferative capacities, measured by the level of expression of BCL2 and Ki67 ( Figure 1 , A and B). Chronic exposure to IL-15 also resulted in lower lysis of the NK-sensitive cell line Yac1 by NK cells ( Figure 1C ) and a reduction in the ability of NK cells to produce IFN-γ upon NK1.1 stimulation ( Figure  1D ), resulting in overall limited functionality as previously reported (12) .
We next evaluated the effect of in vivo chronic stimulation with IL-2 or Poly I:C, directly or indirectly activating NK cells, respectively, on NCE to be able to demonstrate that any type of chronic stimulation results in the induction of NCE. Furthermore, Poly I:C, a known ligand for TLR-3, was used as a model to mimic viral infection (21) . Both models showed similar results obtained with the IL-15 model (Figure 1) , regarding the NK cell phenotype and functionality (Supplemental Figure 2 , A-C; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127729DS1). A reduction of inflammatory cytokines in the serum of chronically treated groups was also observed in some, if not all, of the models evaluated; among these, IFN-γ was a cytokine that was downregulated in all of them (Supplemental Figure 2D ). Noticeably, chronic stimulation also caused an increase of the immature-like NK cell subset (CD27 + CD11b -) in the BM that could justify the consistent reduction of total numbers of splenic NK cells observed in all the models (Supplemental Figure 3 , A and B) and suggest a reduced ability of NK cells to respond to stimuli and/or increased cell death. The lack of response to cytokine stimulation after chronic exposure in the models evaluated was not explained by changes in the expression of IL-2 receptor β (IL2Rβ), an important component in the signaling through IL-2 and IL-15, as others have also reported (ref. 18 and Supplemental Figure 3C ).
In order to identify an exhaustion phenotypic signature, we then analyzed the data originating from the 3 different in vivo models using principal component analysis (PCA; Figure 1 , E and F). PC1 was able to efficiently separate acutely stimulated murine NK cells from control mice (control and resolved groups) and was highly influenced by levels of expression of activation markers, such as Thy1.2, and inhibitory and activating receptors, such as DNAM1 or TIGIT (Figure 1 , E and G). Conversely, PC2 provided a better separation between the chronically and acutely stimulated groups. As shown in Figure  1 , E and G, Eomes and NKG2D downregulation and KLRG1 and NKG2A upregulation upon chronic stimulation were major factors segregating mice and conditions along the PC2 axis. The variability in the expression of other activating and inhibitory receptors between the models, such as with DNAM1 ( Figure 1A and Supplemental Figure 2A Figure 1A and Supplemental Figure 2A ) were similar in all the models. These data also suggest that changes of the expression of these markers are more suitable in identifying exhaustion across models.
To validate this phenotypic signature, we used a more physiological model of chronic MCMV infection. Because MCMV infection is typically cleared from spleen and liver within the first 2 weeks after viral induction/infection (22, 23) , we performed phenotypical and functional analyses of NK cells that were present on the salivary glands, a site where the infection has been reported to persist for months (Supplemental Figure 5 ) and where there is not NK development or recruitment from the periphery, unlike in the spleen (24) . As the infection progressed chronically, a reduction of the proliferative marker Ki67 was observed (Figure 2, A and B) . IFN-γ production upon NK1.1 stimulation as well as the total percentage of NK cells expressing granzyme B was significantly diminished at later time points of infection (Figure 2, C-F) . Additionally, the NCE signature during chronic infection identified in the previous Poly I:C model was recapitulated in this model with downregulation of Eomes, NKG2D, and Ly4G2 (Figure 2 , G-I), contrasting with upregulation of KLRG1 ( Figure 2J ) and NKG2A (Supplemental Figure  5 , A and B) when compared with the acute infection groups (3-7 days after infection). Unlike the other models, NK cells from the salivary gland significantly increased the expression of the exhaustion marker PD1 during the acute infection phase, but the expression declined at later time points, similar to the effect seen for Tim3 (Supplemental Figure 5, C and D) . In the spleen, as the virus undergoes elimination (Supplemental Figure 5E ), the reduction of proliferation, function, and activation observed could be associated with the previously reported contraction phase, and thus a difference cannot be made between a phenomenon of exhaustion or de novo reconstitution of NK cells at the latest point of analysis (Supplemental Figure 5 , F-M, and refs. 22, 23) . Still, the Ly49H activation marker, which recognize m157 glycoprotein on MCMV-infected cells, responded more strongly to MCMV infection as expected (Supplemental Figure 5 , G-M). Unfortunately, Ly49H could not be evaluated in the salivary gland due to the effect of this organ-processing protocol (Supplemental Figure 5 , F and G, and ref. 25) .
Given the broad presence of the NCE signature in chronically stimulated NK cells, we hypothesized that this signature could also be present on in vitro models when NK cells are exposed to stimuli for long periods of time. In fact, long-term in vitro NK cell activation with IL-2 (from 7-9 days) mimicked the phenotypic NK cell profile observed during chronic in vivo IL-2 stimulation, except for NKG2A, whose expression was not upregulated unlike in the in vivo model (Supplemental Figure 6) . Additionally, similar to the in vivo model (Supplemental Figure 2 , B and D), further stimulation of these cells with NK1.1 resulted in a downregulation of IFN-γ and TNF-α when compared with acutely stimulated NK cells (day 4 of activation), leading to a lower expression level similar to that of resting NK cells (day 0). Importantly, stimulation of chronically IL-2-activated NK (IL-2-aNK) cells through CD16 also caused a similar pattern of IFN-γ and TNF-α downregulation (Supplemental Figure 6H) . Furthermore, NK cell lytic capacities were negatively affected after long-term IL-2 activation as well (Supplemental Figure 6I) , together largely proving a functional defect in chronically stimulated NK cells.
Overall, these data demonstrate that any condition that results in prolonged NK cell stimulation leads to NCE with a marked loss of function associated with reduced proliferative potential, downregulation of activation markers, and upregulation of KLRG1; therefore, exhaustion is efficiently identified by the expression of Eomes, NKG2D, and KLRG1.
Role of NKG2D in the induction of NCE after chronic stimulation. Because NKG2D downregulation was consistently observed in all of the models studied (Supplemental Figure 4 , G and H), and because its role in NCE was indicated by the PCA analysis (Figure 1 , E and G), the role of NKG2D on the induction of exhaustion after chronic IL-2 stimulation was assessed. While NKG2D impairment, either from genetic deletion using NKG2D-KO mice or through blockade with anti-NKG2D, did not affect the response to IL-2 during acute stimulation, it did result in a diminished NCE profile during chronic stimulation. The absence of NKG2D during chronic stimulation improved NK cell function compared with control-treated mice, measured by IFN-γ production upon NK1.1 stimulation ( Figure 3A ) and Yac1 tumor lysis ( Figure  3B ). We observed, as previously reported, a reduced killing of Yac1 by NKG2D-KO NK cells during acute stimulation due to the expression of the NKG2DL H60 by Yac1 (7), but some degree of Yac1 lysis still occurred in a NKG2D-independent manner. Importantly, NKG2D-deficient NK cells exposed to chronic IL-2 were able to maintain the level of Yac1 lysis, unlike control NK cells, suggesting that these NK cells have higher functionality mediated by MHC-I mismatch and upregulation of other activating receptors.
Indeed, when the phenotype of these cells was analyzed, upregulation of Eomes, Thy1.2 and Ly49G2 (used as substitutes for NKG2D), along with a decrease of KLRG1 compared with WT/IgG control counterparts ( Figure 3 , C-F) were observed, suggesting a reduction in the exhaustion phenotype. Notably, a decrease of the total number of NK cells was not observed between acutely and chronically IL-2-stimulated groups in NKG2D-deficient or anti-NKG2D-treated mice, unlike their corresponding controls (Supplemental Figure 7A ). In contrast, the response to IL-2 by CD8 + (cytotoxic) T cells was not affected by the absence of NKG2D (Supplemental Figure 7B) . Although not significant, a slight increase of DNAM1-and FasL-activating receptors, but not the CD96, TIGIT, or NKG2A inhibitory receptors, was also observed in NK cells from chronically stimulated NKG2D-deficient mice when compared with controls (Supplemental Figure 7 , C and D). Interestingly, an increase of activating cytokines, such as IFN-γ, TNF-α, CCL2, CCL3, and CXCL10, was detected in the serum of chronically stimulated anti-NKG2D-treated mice when compared with controls (Supplemental Figure 7E) , an increase that could not be associated with CD8 + T cells (Supplemental Figure 7B ). On the other hand, long-term in vitro activation of NKG2D-deficient NK cells, although to a lesser extent than that in the in vivo model, resulted in a milder exhaustion phenotype with a significantly higher percentage of the activation marker Thy1.2 and reduced expression of KLRG1 (Supplemental Figure 8 ).
These data, therefore, indicate that NKG2D has a role in the development of exhaustion during chronic stimulation. Actually, in vitro analysis by flow cytometry and immunofluorescence revealed that NKG2D was internalized during chronic stimulation, resulting in downregulation on the surface ( Figure 4) .
Role of the DNA damage pathways in NCE. NKG2D internalization has been previously described in cancer patients' NK cells, due to the binding of MHC class-I-like stress molecules (NKG2DLs; refs. 5, 13, 14) . Interestingly, several studies have shown that tumor cells upregulate NKG2DLs due to genotoxic and cellular stress (26) . The expression of these stress molecules can indeed regulate NKG2D levels and affect function (15) . Given our results regarding NKG2D internalization and downregulation and the high levels of Ki67 observed during early NK cell activation, we analyzed the level of expression of mouse NKG2DL MULT1 and Rae-1δ on NK cells during sustained in vitro stimulation. Only MULT1 was significantly increased during long-term in vitro IL-2 stimulation ( Figure 5 , A-C). Interestingly, the upregulation of MULT1 temporally correlated with the downregulation of NKG2D, suggesting a contribution to NKG2D loss during chronic stimulation. However, unlike NKG2D, no MULT1 internalization was detected by flow cytometry or immunofluorescence. In correlation with this data, a significant increase of the percentage of MULT1 on NK cells during acute and chronic in vivo IL-2 stimulation ( Figure 5D , left) and on NK cells from the salivary gland during chronic in vivo MCMV infection ( Figure 5D , right) was observed. Furthermore, blocking MULT1 in vitro caused a slight reduction of the NCE phenotype on NK cells collected at day 9 after activation ( Figure 5E ).
Many reports have shown that genotoxic and cellular stress cause the activation of the PI3-kinaserelated protein kinases ataxia telangiectasia mutated (ATM) DNA damage repair pathway (26) . Indeed, inhibition of this pathway was able to reduce the levels of NKG2DLs on tumor cells (26) or antigen-activated T cells (27) . Taking into consideration the resemblance between tumor cells during uncontrolled growth and NK cells during prolonged activation, we analyzed the level of phosphorylation of ATM (pATM) during in vitro NK cell activation as an indicator of DNA damage and observed a significant increase of pATM during NK cell activation (Figure 5 , F and G). Additionally, we also observed an increase in the expression of PVR on NK cells in both in vitro ( Figure 5H ) and in vivo exhaustion models ( Figure 5I ). PVR (CD155) is another stress molecule and ligand of CD96, TIGIT, and DNAM1 that has shown to be upregulated through ATM-mediated DNA damage repair pathways (28) . These data suggest that DNA damage does indeed happen during NK cell activation.
In order to evaluate the role of DNA damage in the induction of NCE, the ATM DNA damage pathway was inhibited with the specific inhibitor KU55933 (KU) during the acute in vitro IL-2 activation phase (day 4), and NK cells were analyzed at later time points. The efficacy of KU treatment was confirmed by an accumulation of pATM and a reduction of phosphorylation of the ATM-dependent protein Chk2 (Supplemental Figure  9A) . Conversely, the percentage of MULT1 on NK cells was not affected by KU treatment (Supplemental Figure 9B) . However, significant decreases in the MFI and the mRNA expression for MULT1 were observed after KU treatment (Supplemental Figure 9B ). More importantly, KU treatment did result in the maintenance (F) The percentage of the variance for each or cumulative PC is shown. (G) Representation of the NK cell markers that drive PC1 and PC2 is shown. Data are representative of at least 3 independent experiments with 3 mice per group (mean ± SEM). One-way ANOVA or two-way ANOVA was used to assess significance. Significant differences are displayed for comparisons with the acute group (*P < 0.05, **P < 0.01, ***P < 0.001). No significant differences were found when comparisons among the control, resolved, and chronic groups were made.
of the NK cell activation phenotype and NK cell function for a prolonged period, delaying exhaustion ( Figure  6 ). Indeed, unsupervised hierarchical clustering based on phenotypic characteristics revealed that NK cells collected at day 7 of activation after KU treatment clustered closer to the cells collected at day 4 during the peak of activation, compared with vehicle control-treated NK cells ( Figure 6A ). There were changes on the NCE signature markers that correlated with a reduction in the exhaustion phenotype, with a significant increase of Eomes (MFI) and the percentage of NKG2D as well as a decrease of percentage of KLRG1 on KU-treated NK cells ( Figure 6B ). Immunofluorescence analysis also demonstrated that NKG2D internalization was significantly reduced after KU treatment without affecting MULT1 expression (Supplemental Figure 9 , C and D).
To identify the changes at a molecular level after KU treatment, we performed a microarray analysis on the in vitro IL-2 model (Supplemental Figure 10) . Unfortunately, there were no differences in the gene expression of NK cells collected at day 9 after in vitro IL-2 stimulation when compared control-and KU-treated NK cells. However, there were a total of 901, 660, and 591 genes that were significantly upregulated (FDR ≤0.1) on NK cells collected on day 4 (acute phase), day 9 (chronic phase), and KU-treated day 9, respectively, in comparison with unstimulated NK cells from day 0 (Supplemental Figure 10, A and B) . We used Ingenuity Pathway Analysis (IPA) to predict the biological processes that would be significantly . Oneway ANOVA was used to assess significance (*P < 0.05, **P < 0.01, ***P < 0.001).
affected from these upregulated genes. Concomitantly, IPA showed that only KU-treated NK cells had a group of upregulated genes that were significantly involved in the decrease of apoptosis (z = -2.108) and a group of genes involved in NK cell cytotoxicity (z = 2.162; Supplemental Figure 10C ). In accordance with these data, KU treatment significantly increased the percentage of Ki67 and the MFI of the antiapoptotic protein BCL2 on NK cells ( Figure 6 , C and D), suggesting higher proliferative potential and survival capacities, respectively. BCL2 expression is regulated by the TF NF-κB, whose nuclear translocation requires proteasome function. When 20S proteasome activity was measured during NK cell activation, a decline in function was observed at later time points, while KU treatment preserved proteasome activity ( Figure 6E ). More importantly, KU treatment prolonged NK cell function after sustained stimulation with a significant increase of IFN-γ production and lytic capacities in KU-treated versus control NK cells (Figure 6, F and G) .
To evaluate the functional effect of targeting exhaustion, the in vivo antitumor efficacy of in vitro KU-treated aNK cells was evaluated following adoptive transfer NK cell therapy in HCT models. We first experiments with 4 mice per group (mean ± SEM). Significant differences are displayed for comparisons with control (WT or IgG) animals (*P < 0.05, **P < 0.01, ***P < 0.001).
tested this therapy in an allogeneic HCT model of A20-tumor bearing BALB/c mice, given the expression of H60 by this B cell lymphoma tumor cell line that allows NKG2D-dependent killing and the success of NK cells in eliminating hematological cancers in HCT settings. Similar to previous reports, the freshly isolated NK (fresh NK), but not ex vivo IL-2 aNK, cell infusion resulted in superior tumor survival compared with untreated IL-2 control mice ( Figure 6H and ref. 7) . Administration of ex vivo activated KU-treated aNK cells resulted, however, in a significant increase in survival compared with untreated control mice (P = 0.0007) and mice receiving fresh NK cells (P = 0.02). When ex vivo KU-treated aNKs were infused into B16F10 tumor-bearing mice after syngeneic HCT, similar benefits on tumor survival were obtained, indicating that NKG2D-independent mechanisms are also improved by KU ( Figure 6I ). The augmented antitumor effects were the result of the effect of KU on NK cell function, as no differences in in vivo proliferation and survival capacities were observed between C57BL/6 L2G85 luc + control-and KU-treated aNK cells, where fresh NK cells showed the strongest response to IL-2 in BALB/c Rag2
-/-mice (Supplemental Figure 11) . Additionally, the efficacy of KU treatment was only sustained during IL-2 administration, as cessation of stimulation resulted in the well-described NK cell contraction phenomenon in all groups due to cytokine dependency (Supplemental Figure 11) . Overall, these data demonstrate that the inhibition of the ATM DNA damage repair pathway can improve in vivo antitumor responses of NK cell-adoptive therapy.
In summary, we have identified an exhaustion phenotype signature characterized by downregulation of activating receptors, such as NKG2D, and TFs, such as Eomes, while maintaining expression of KLRG1 ( Figure 7A ). This phenotype is accompanied by a reduction of NK cell proliferation as measured by Ki67 expression and of function regarding cytotoxicity and cytokine production. We suggest that this exhaustion is caused by the induction of DNA damage during acute activation that, by sustained stimulation, leads to downregulation of activating receptors, upregulation of the stress molecule MULT1, internalization of NKG2D, and reduction of NK cell function. Thus, inhibition of the activation of the DNA damage repair pathway can delay exhaustion and prolong NK cell proliferation, survival, and functionality and contribute to a promising therapeutic application in cancer therapy ( Figure 7B ). 
Discussion
NK cells remain a promising cell population for adoptive immunotherapy; however, multiple mechanisms have been attributed to the lack of response of NK cell-based therapy against cancer, such as the presence of an immunosuppressive environment or NK cell-specific tumor evasion mechanisms (1). However, in recent years, the finding that NK and T cells undergo exhaustion following prolonged stimulation has proven to be an important biological process that regulates their function. Initially described upon tumor exposure, this study shows that NCE is induced following chronic stimulation with cytokines or infectious agents, suggesting that NK cell activation is a highly regulated phenomenon and that the induction of exhaustion might represent a self-regulatory mechanism that prevents exaggerated, overexuberant NK cell responses. We also identified In vitro studies were done in triplicate, while in vivo studies were done with 3 mice per group, except for the MCMV model, which had 4-5 mice per group (mean ± SEM). Significant differences are displayed for comparisons with nonstimulated controls (*P < 0.05, **P < 0.01, ***P < 0.001).
key proteins in NCE, highlighting the importance of the expression of Eomes, NKG2D, and KLRG1. These phenotypic markers of exhaustion could allow for the identification of exhaustion during NK cell-based cancer therapies to follow NK cell efficacy and potential antitumor response during the course of therapy.
High expressions of Eomes, T-bet, NKG2D, Ly49G2, and Thy1.2 have been frequently linked to an activation phenotype (4, 29) , and downregulation of these markers during exhaustion suggests reduction of their activation status. In contrast, KLRG1 expression continues to increase during chronic stimulation. On NK cells, KLRG1 is acquired during cell differentiation and maturation, and its expression is significantly increased during cell activation and homeostatic proliferation (30) . However, higher expression of KLRG1 has been previously described during MCMV infection, sustained IL-15 treatment, or tumor exposure and One-way ANOVA (in vitro model) or log-rank test (in vivo tumor model) were used to assess significance (*P < 0.05, **P < 0.01, ***P < 0.001). In tumor models, the significance between control IL-2 and fresh NK and control IL-2 and KU-aNK (black asterisks) as well as between fresh NK and KU-aNK (red asterisks) is shown. also has been connected to decreased NK cell function (7, 12, 30) . These studies and our results suggest that, similar to the early activating role assigned to the inhibitory receptor Ly49G2 (4, 29), KLRG1 seems to behave as an activation marker during the peak of NK cell activation but additionally as an early senescence marker after chronic stimulation of NK cells, similar to T cells (20) .
We have demonstrated that NKG2D is involved in the induction of NCE, as the absence or blockade of NKG2D can delay the development of exhaustion during chronic stimulation, resulting in preserved biological function. This result might be seen as contradictory to the common view of NKG2D function. The NKG2D receptor plays an important role in NK cell physiology by regulating NK cell development, homeostasis, and survival (31) . Additionally, NKG2D is also involved in graft rejection (32) , autoimmunity (33) (34) (35) , infection (36) , and, more importantly, during immunosurveillance, as it has proven to be critical in both NK and T cell antitumor responses (37) . Indeed, NKG2D behaves as a molecular sensor that recognizes and eliminates stress-affected cells through the binding to stress molecules (31, 37) . However, and in accordance with our results, an upregulation of IFN-γ and resistance to MCMV infection have been observed in NKG2D -/-mice (31, 38) . Similarly, NKG2D-deficient mice were capable of better controlling tumor growth and survival of melanoma tumor-bearing mice because of a stronger response to stimuli, particularly through NKp46 (38, 39) . This improvement of NK cell function by NKG2D-KO mice has been recently correlated with a role of NKG2D during NK cell development that influences NKp46 activation threshold by negatively regulating NKp46 signaling (38) . This phenomenon could also be a contributing factor on NCE. The fact that a similar effect is observed during acute blockade of NKG2D by mAb therapy further supports the concept that NKG2D plays a significant role in NCE. A role of NKG2D in NK cell desensitization has also been suggested due to the ability of NKG2D-deficient NK cells to respond to a higher extent not only to NKp46, but also to NK1.1-and CD16-stimulated NK cells, which more highly correlates with what we see (38, 39) .
Additionally, recent studies have also suggested a role of NKG2D in NK cell survival (31, 40) . Poggi and colleagues demonstrated that the binding between NKG2D and tumor-expressing NKG2DLs causes apoptosis of human NK cells (40) . Similarly, cell death resulted after cocultures between mouse NK cells and Rae-1-expressing tumor cells in an NKG2D-dependent manner (41) . Our results are in agreement with these studies, as prevention of binding between NKG2D and MULT1 diminished the NCE phenotype both in vivo and in vitro. Thus, our data indicate that NCE could represent a necessary stage prior to cell death of chronically stimulated and highly aNK cells. However, other alternatives are possible, as Madera and colleagues reported NK cell fratricide due to upregulation of NKG2DL on NK cells after exposure to MCMV infection (42). The reduction of NKG2D expression and, consequently impaired NK cell function, was initially described after exposure to NKG2DL-expressing tumor cells, when soluble forms of NKG2DL or TGF-β were released by tumor cells (43) . Interestingly, high levels of NKG2DL have been previously described not only on transformed cells (26) , but also on immune cells exposed to a variety of stimulatory molecules, such as alloreactive T cells, and after bacterial or viral infection (44) , preventing graft-versus-host disease and pathological damage, respectively. Rae-1ε, for example, has been found to be constitutively expressed on lymph node endothelial cells, but its expression is highly induced on tumor-associated endothelial cells (35) . The upregulation of NKG2DL has also been linked to NK cell fratricide during MCMV infection (42) . MCMV also led to upregulation of Rae-1 on fibroblasts (45) and DCs (46) , affecting NKG2D expression and NK cell function. NKG2D importance during MCMV is demonstrated by the fact that immune evasion through proteins encoded by m145, m152, and m155 modulate the expression of MULT1, Rae-1, and H60, respectively, on infected cells (47, 48) . Interestingly, in our study, NKG2D downregulation was associated with the induction of NKG2D internalization and was correlated to increased levels of expression of MULT1 on NK cells during chronic stimulation. Downregulation of NKG2D has also been reported in MULT1-expressing B16 tumor cells (39) , whereas such downregulation was not observed in B16 tumors capable of secreting soluble MULT1, suggesting a role for endogenous NKG2DL interaction in NK cell tumor desensitization (49) . Similarly, NKG2D internalization was also involved upon endogenous Rae-1ε engagement, causing impaired NK cell function so that Rae-1-deficient mice displayed higher NKG2D MFI expression on B16 intratumor NK cells (39) . Our study is the first to our knowledge to demonstrate an upregulation of MULT1 on NK cells during activation.
Within the murine NKG2DL family, MULT1 has the strongest binding affinity to NKG2D (50) , and its expression is regulated by poly-ubiquitination of its cytoplasmic tail, revealing a proteasome-dependent degradation mechanism (51) . In fact, proteasome inhibition by bortezomib increases the level of expression of ULBP1, the human equivalent of MULT1 (52) . Similarly, proteasome activity was reduced after sustained stimulation in our model and was correlated to MULT1 expression accumulation. Furthermore, downregulation of the proteasome activity negatively affects BCL2 expression due to accumulation of proapoptotic proteins (Bax, Bid, Bim, etc.), and to prevention of nuclear translocation of the TF NF-κB (40) , explaining a role of the proteasome in NK cell regulation of governing MULT1 and BCL2, and thus regulating survival.
The upregulation of stress molecules has been associated with both genotoxic and cellular stresses, such as chemotherapy, dysregulated proliferation, and oxidative stress, which result in the activation of the DNA damage repair pathways by phosphorylation of ATM. ATM behaves as a DNA damage sensor capable of orchestrating a cellular response (26, 51, 53) and can also regulate the phosphorylation of the histone H2AX (γH2AX), a sensor for DNA double-strand breaks (ref. 54) . It was reported that inhibition of ATM prevents the expression of stress molecules on tumor cells (26) , aphidicolin-treated fibroblasts (26) , and antigen-activated T cells (53) . Our data demonstrated that sustained stimulation results in DNA damage and consequent activation of the ATM DNA response and repair pathways. In agreement with our results, higher levels of γH2AX were also detected in hyperresponsive NK cells from immunodeficient mice (54) . Furthermore, and similar to our study, the repetitive exposure of human NK cells to IL-15 in vitro, also caused NCE with a reduction in proliferation, survival, and function of human NK cells, as we similarly observed in our murine model. In this study, the effect on sustained exposure to IL-15 was also independent of changes in the expression of CD122 and CD132 (18) . Felices and coworkers showed that these exhausted human NK cells have an enrichment of genes involved in cell cycle checkpoint and cell cycle arrest that correlate with an increase in cellular damage and stress due to failure to properly repair the DNA damage, likely directing the activation of programmed cell death pathways (18) . Taking these studies into consideration, it follows that the blockade of the DNA damage repair pathway with KU results in a higher survival, a more sustained activating phenotype and superior functional capacities of NK cells. These data therefore provide evidence of the mechanisms responsible for controlling NK cell activation and exhaustion during sustained stimulation. Our study suggests that, due to continued proliferation during chronic stimulation, there is DNA damage, which triggers the activation of the ATM DNA damage pathway and causes exhaustion. Our data also indicate that activation of this pathway is responsible for the expression of stress molecules contributing to NKG2D internalization and impaired expression of activating and inhibitory receptors and, more importantly, for limiting NK cell functional capacities.
A previous study demonstrated that overexpression of IL-15 caused chromosomal instability and DNA hypermethylation on large granular lymphocyte leukemia cells mediated by induction of Myc/NF-κp65/ Hdac-1 that results in overexpression of the DNA methyltransferase Dnmt3b (55). Although we cannot completely exclude this mechanism in the induction of NCE, we did not observe any difference in the mRNA expression of Dnmt3b during in vitro stimulation of NK cells. However, an upregulation of the mRNA of Dnmt1, another DNA methyltransferase, at the peak of stimulation was observed, which might suggest an activation of the DNA damage response in a DNA methylation-independent manner (55) .
Unlike previous studies (6, 10, 11, 16, 56) , Tim3 and PD1 were not involved in NCE in our models. Indeed, Tallerico and colleagues observed an upregulation of Tim-3 and PD-1 after sustained exposure to IL-15 on human NK cells and that the expression of these markers along with the presence of high levels of IL-15 in the serum could predict the response toward anti-CTLA4 therapy in melanoma patients (56) . However, in our in vitro model Tim3 blockade did not restore function (data not shown), and PD1 expression was not meaningfully detected in any of our models expect for the MCMV models. The fact that we used murine models could account for these disparities. Thus, given the role of PD-L1/PD1 in the regulation of apoptosis, anergy, and exhaustion, we cannot totally reject the possibility that PD1 is indirectly involved in NCE, and, therefore, further analysis is needed. The cytokine-inducible SH2-containing protein (CIS) is another checkpoint inhibitor for which expression has been shown to limit the IL-15 response, as NK cells from Cish -/-mice display superior functional capacities (57) . In our study, however, we did not observe differences in the expression of mRNA Cish between control-and KU-treated NK cells after chronic in vitro IL-2 stimulation.
This study has substantial clinical ramifications; currently many NK cell-based therapies rely on robust and continued stimulation to achieve stronger functional approaches that may cause NCE. Therefore, the analysis of NCE during the course of activation and treatment will be necessary to predict the antitumor response of NK cells. Additionally, the development of strategies that inhibit or delay NCE could significantly improve NK cell-based therapies of cancer. Here, we have demonstrated that the treatment of ex vivo aNK cells with KU was successful in maintaining NK cell activation and in achieving markedly improved antitumor responses. These data, therefore, support the ATM DNA damage pathway as a putative candidate to target exhaustion on NK cells and improve antitumor responses in NK cell adoptive therapies.
Methods
Additional details can be found in Supplemental Methods. ) mice were a gift from David Raulet (University of California, Berkeley, Berkeley, California, USA) and bred in our animal facility. Female mice were used at 8-12 weeks of age and housed under specific pathogen-free conditions.
Cell lines
The A20 leukemia tumor cell line, the B16F10 melanoma tumor cell line, and the Yac1 cell line were purchased from ATCC. Cells were growth in RPMI 1640 media supplemented with 10% heat-inactivated FBS, 1 mmol/L sodium pyruvate, 2 mmol/L glutamine, 0.1 mmol/L nonessential amino acids, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C with 5% CO 2 . Cells were collected for tumor or in vitro studies when they reach exponential growth during the week of culture. The cells were tested for mycoplasma negativity according manufacture's instructions using the universal mycoplasma detection kit (ATCC).
In vivo NK cell stimulation model
Mice were treated with known NK cell activation reagents in order to chronically stimulate NK cells (Supplemental Figure 6 ). A detailed description of the reagents and regimens used for each model can be found below.
Chronic IL-15 stimulation model. C57BL/6 mice were treated i.p. with 2.5 μg recombinant human IL-15 (NCI Repository, Frederick, Maryland, USA) and 3 μg recombinant mouse IL-15Rα human IgG1 fusion chimera protein (R&D Systems, 551-MR) as previously described (12) (Supplemental Figure 1A) . Briefly, mice were treated 14 and 12 days (resolved group); 14, 12, 9, 7, 5, and 2 days (chronic group); or 2 days (acute group) prior to organ collection. Control groups received PBS instead of IL-15/ IL-15Rα.
Chronic IL-2 stimulation model. C57BL/6 or NKG2D -/-(KO) mice were treated with PBS (control group) or 5 × 10 5 IU recombinant human IL-2 (NCI Repository) 10 and 9 days (resolved group); 10, 9, 6, 5, 2, and 1 days (chronic group); or 2 and 1 days (acute group) prior to organ collection (Supplemental Figure 1B) .
Analysis of NK cell phenotype
Antibody staining of single-cell suspensions was performed as previously described (60) . For TFs, the Foxp3/TF staining buffer kit (Ebioscience) was used according to the manufacturer's instructions. See Supplemental Table 1 for detailed description of antibodies used in this study.
DNA damage repair pathway. To evaluate phosphorylation of ATM and Chk2, after cell surface staining with anti-NK1.1 and anti-TCRβ, cells were fixed with 4% formaldehyde for 10 minutes at room temperature, followed by permeabilization with -20°C methanol for 30 minutes on ice. Cells were then incubated for 30 minutes at 4°C with normal rabbit IgG (Cell Signaling Technology) and followed by a 1-hour staining with antibody directed to the phosphorylated Alexa Fluor 647 (AF647) ATM, purified Chk2, or isotype control. For Chk2, cells were then stained for 10 minutes at 4°C with AF647 goat anti-rabbit (Invitrogen).
NKG2D internalization by flow cytometry. Anti-NKG2D or rat IgG1 was utilized on in vitro expanded NK cells before and/or after permeabilization using the Foxp3/TF staining buffer kit according to the manufacturer's instructions. The difference between the percentage of cell surface expression of NKG2D before and after permeabilization represent the percentage of internalization.
NKG2D internalization by immunofluorescence. Cells were incubated with goat serum to prevent nonspecific binding for 1 hour at 4°C and then incubated for 3 hours at 4°C with anti-CD45 mAb (AF488). Cells were fixed with 4% formaldehyde for 10 minutes at room temperature in a Lab-tek II chamber slide (Thermo Fisher Scientific). Cells were then incubated with purified anti-NKG2D (Santa Cruz Biotechnology) or isotype control diluted in an antibody dilution buffer (ADB) that contained 3% FBS and 0.2% saponin in 1× PBS overnight. Secondary staining with anti-mouse IgM (AF647) was performed in ADB for 3 hours at 4°C. Finally, cells were air dried and slides were mounted with DAPI mounting media (Vector Laboratories Inc.). NK cells were visualized using a LSM 880 inverted confocal microscope (Carl Zeiss). Images were analyzed using ZEN 2.3 lite blue edition (Carl Zeiss).
MULT1 and NKG2D detection by immunofluorescence. Cells were first incubated with goat serum to prevent nonspecific binding for 1 hour at 4°C. Cells were incubated overnight at 4°C with anti-CD45 (AF488), anti-NKG2D, and anti-MULT1. Secondary staining with anti-mouse IgM (AF647) and anti-Armenian Hamster IgG1 biotin was performed for 3 hours at 4°C, followed by Streptavidin (AF594) (Thermo Fisher Scientific). NK cells were visualized using LSM 880 inverted confocal microscope (Carl Zeiss). Images were analyzed using ZEN 2.3 lite blue edition (Carl Zeiss).
Analysis of NK cell function
CFSE-based cell killing assay. Splenocytes, adherent NK cells, or freshly isolated NK (fresh NK) cells using an NK cell negative selection kit (StemCell Technology) were cultured at multiple effector/target (E/T) ratios with CFSE-labeled Yac-1 or A20 tumor cells (ATCC) for 4 hours and analyzed by flow cytometry. All techniques were performed according to the manufacturer's instructions, and the percentage of lysis was calculated as previously described (4) . When splenocytes were used, the E/T ratio was normalized to the proportion of NK cells present among the splenocytes.
IFN-γ production. Splenoctyes, adherent NK cells, or freshly isolated NK cells were stimulated for 4 hours with 10 μg/mL plate-bound anti-NK1.1 (PK136) or mIgG2a for CD16 stimulation as previously described (60, 61) .
Data analysis
Multivariate heatmap. Flow cytometry data obtained from in vivo chronic stimulation models were represented in a multivariate heatmap utilizing the ggplot package in Rstudio (version 1.0.153, RStudio Inc.) and R version 3.2.0. For MFI, data were normalized by calculating the MFI average for each marker and dividing each value by this average, so the maximal and minimal expression of each marker for each model could be visualized.
PCA. PCA analysis was performed using the RStudio ggfortify package on the values obtained by flow cytometry. The two dominant principal components were plotted against one another to assess the relationships between the different treatments, and the PCA loading vectors (eigenvectors) were also represented.
Microarray Analysis. Detailed description of microarray analysis can be found in the Supplementary Methods. The microarray data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE131522.
Hierarchical clustering. Hierarchical clustering analysis using Euclidean distance was performed with the values obtained by flow cytometry of the in vitro model (MFI for Eomes, Ly49G2, Thy1.2, and BCL2 or percentage for NKG2D, T-bet, Ki67, CD69, and KLRG1) using Morpheus (Broad Institute, Cambridge, Massachusetts, USA). Each row represents the maximal and minimal expression for any given marker.
Tumor models
NKG2D-dependent tumor model. BALB/c mice were lethally irradiated (825 cGy) 2 days before i.v. injection of 5 × 10 6 NK-and T cell-depleted C57BL/6 bone marrow cells along with 10 5 B cell lymphoma A20 cells to minimize the effect of radio-resistant host-type NK cells. Some mice also received 10 6 freshly isolated C57BL/6-derived NK cells (fNK), isolated according to the manufacturer's instructions (StemCell Technology), or ex vivo IL-2-expanded aNK cells. Ex vivo aNK cells were treated with DMSO vehicle control (aNK) or 7.5 μM ATR/ATR kinase inhibitor KU (aNK KU) on day 3 of culture, and adherent NK cells were collected 2 days later.
NKG2D-independent tumor model. Mice were injected i.v. with 2 × 10 5 cells of the B16F10 metastatic melanoma tumor cell line. After 7 days, mice underwent syngeneic HCT. Briefly, C57BL/6 mice underwent lethal irradiation (950 cGy) and were injected i.v. with 5 × 10 6 C57BL/6 bone marrow cells. As in the previous model, mice received fNK, aNK, or aNK KU. In both models, mice received daily i.p. injections of 5 × 10 4 IU IL-2 for 7 days where indicated and were monitored for survival and euthanized when moribund.
Statistical analysis
Each experiment was performed at least 2 times with 3-5 mice per group. Student's 2-tailed t test, 1-way ANOVA (Bonferroni post test analysis), 2-way ANOVA (Bonferroni post test analysis), and log-rank test were used when appropriate to determine statistical significance (Graphpad Prism 4). P values were considered statistically significant at P < 0.05. Study approval All animal protocols were approved by the IACUC at Stanford University.
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